Background-In March 2010, Medecins Sans Frontieres/Doctors Without Borders detected an outbreak of acute lead poisoning in Zamfara State, northwestern Nigeria, linked to low-technology gold ore processing. The outbreak killed more than 400 children ≤5 years of age in the first half of 2010 and has left more than 2,000 children with permanent disabilities.
Introduction
A 2010 outbreak of acute lead poisoning in rural Zamfara State, northwestern Nigeria resulted in severe neurological morbidity and mortality in several hundred children, a result of lead-contaminated gold ore processed with low technology methods. 1 Gold ore processing became common in Zamfara after gold prices rose during the 2008-2012 global economic recession. 2 Lack of emission controls during processing, and the co-occurrence of gold ore with bioaccessible lead in the region's underlying geology caused extensive contamination of villages. By March 2010, >l400 children had died and >2,000 children were left permanently disabled from inhalation and ingestion of lead particulates. 3 An initial investigation found two mining villages where 118 of 463 (25%) children ≤5 years old had died in the previous 12 months, 82% of whom experienced symptoms consistent with lead poisoning. 1 Of the surviving children, 97% had blood lead levels (BLLs) ≥45 µg/dL, the level recommended by the US Centers for Disease Control and Prevention (US CDC) for chelation therapy, with measured BLLs as high as 700 µg/dL. 4 Lead concentrations in residential soil exceeded the US Environmental Protection Agency's (USEPA) 400 µg/g limit in 85% of samples, ranging to >100,000 µg/g, the limit of detection for the handheld xray fluorescence analyzer used. A follow-up investigation reported that the odds of lead poisoning or contamination were 3.5 times higher in ore processing villages versus non-oreprocessing villages. 5 Lead toxicity can affect every organ system, often with irreversible effects. 6 The World Health Organization estimates that ≥16% of children worldwide have BLLs ≥10 µg/dL, with 90% living in low-income countries. 7 Children are especially vulnerable to lead toxicity due to their physiology, and are exposed primarily through hand-to-mouth behaviors and inhalation. 8 Childhood lead poisoning is associated with impaired neurodevelopment and cognitive function, lower IQ, impaired hearing, and reduced stature. 9 Symptoms of acute lead poisoning include convulsions, coma, and death. 10 There is no known safe BLL in children. 11 The US CDC currently uses a BLL in children of 5 µg/dL for action to reduce exposures. 12 International efforts have successfully reduced lead in many parts of the world, although many sources remain. 13 Subsistence gold mining using low-technology methods such as manual ore grinding and liquid mercury amalgamation accounts for an estimated 20-30% of global gold production and is an important potential source of environmental contamination, and Zamfara's underlying geology makes subsistence gold mining in this region particularly hazardous. 2, 14 Previous investigations in Zamfara focused on highly contaminated villages for priority environmental and medical interventions. In these investigations, background lead levels in soil in villages which did not process ore were <25 µg/g. In villages which did process ore, soil lead levels ranged from 1,560-69,700 µg/g, and soil lead was highly bioaccessible, with an estimated absorption through the gastrointestinal system of 39-66%. 2 Our objectives were to estimate the statewide prevalence of elevated BLLs in children ≤5 years old in ore processing and non-ore-processing family compounds (clusters of proximate polygamous family dwellings) and villages (dispersed collections of compounds in a rural area), and to identify factors associated with elevated BLL.
Methods
The study protocol was granted approval by the US CDC Institutional Review Board-A and the National Health Research Ethics Committee of Nigeria. Field work was performed during June and July of 2012.
Sampling Approach
Zamfara has 14 local government areas (LGAs). Because census data were unavailable, we used LandScan imagery data (Oak Ridge National Laboratory, Oak Ridge, TN, USA) to produce population estimates. Each LGA was divided into 5 × 5 km 2 grids, and two villages were randomly selected from each grid, with the probability of selection relative to population estimates. Seven family compounds were randomly sampled within each selected village. One child was randomly selected within each compound. 15 Eligible children were ≤5 years old and had lived in Zamfara for ≥10 months of the previous year. From the 14 LGAs, we randomly selected 112 villages (n=328 children) to complete a village-level survey, with ten additional villages selected as potential replacements if a village was inaccessible. To obtain population-based estimates of children's BLLs and environmental lead levels, 56 villages were randomly selected from among all 122 selected villages (n=392 children).
Compound Surveys
A survey on demographic and risk factor data for enrolled children was administered to the head of the family compound. The survey asked about any compound member's participation in six ore processing activities: breaking ore into gravel-sized pieces; grinding these pieces into a powder with flour grinders; washing the powder with water to separate gold particles; drying the powder after washing; separating gold from other particles through amalgamation using liquid mercury; and vaporizing mercury to remove it from the gold mixture. 1 Surveys also asked the following: whether the compound's members processed ore and which activities they performed; whether compound members participated in leadsulphate-based eyeliner manufacture, smelting, auto repair, activities on a firing range, painting, ceramics production, pottery, electrical work, or battery recycling; whether the family used ceramic plates or cups at home; whether the child wore lead-sulphate-based eyeliner or had used home remedies in the past 30 days; whether the home was cleaned daily; whether the child was breastfed in the past 12 months; the child's primary and alternative drinking water sources; and the child's sickle cell status, age, and sex.
Blood Samples
Two venous blood samples (minimum 1.5 mL in a 5 mL Vacutainer ® ) were drawn from each enrolled child by a trained phlebotomist using equipment verified as lead free by the US CDC Division of Laboratory Sciences. One sample was analyzed using anodic stripping voltammetry with LeadCare II point of care instruments by trained members of the study team within 24 hours of collection. The other sample was sent unopened to the US CDC Division of Laboratory Sciences for analysis using inductively coupled plasma mass spectrometry (ICPMS). ICPMS has a detection limit of 0.25 µg/dL. These results were used in the analysis described here. Point of care results were shared with Medecins Sans Frontieres/Doctors Without Borders physicians accompanying field teams, Zamfara State Ministry of Health, the Nigerian CDC, and community representatives who informed parents.
Environmental Samples
At least 16 cm 3 (1 in 3) of floor dust was collected by sweeping a 1 m 2 area in the child's sleeping area identified by the child's mother, using dedicated lead-free brushes and placed in a plastic bag. An outdoor soil sample was collected from the compound in the child's play area. Dust and soil samples were split, with one analyzed in Nigeria using handheld x-ray fluorescence and the other sent to the Department of Geosciences at Georgia State University. The latter were sieved at 2.0 µm with a nylon sieve, ground using ceramic mills, and handled in a high efficiency particulate arrestance-filtered hood. Powders were digested using a combination of hydrofluoric, perchloric, hydrochloric, and nitric acids in open Teflon beakers. 16, 17 All constituents were analyzed on a simultaneous inductively coupled plasma atomic emission spectrometer. Lead values <50 mg/kg were confirmed using an atomic absorption spectrophotometer. Standard reference materials were used for quality assurance and control. A common drinking water well was identified for each village, with samples taken from uncovered (n=51) and covered (n=29) wells where possible, for a total of 80 wells sampled in 54 villages. Water samples were analyzed using ICPMS at the University of Wisconsin.
Statistical Analysis
Statistical analyses were performed using SAS 9.3 (SAS Institute Inc., Cary, NC, USA) and Microsoft Excel (2010). When estimating prevalence and 95% confidence intervals (CI) for ore processing activities and elevated BLLs, we applied sampling weights to account for unequal probabilities of selection into the study due to the sampling design. 18, 19 Statistical analyses of blood and environmental data used lab results from samples sent to the US CDC Division of Laboratory Sciences, Georgia State University, and the University of Wisconsin. Due to right-skewed distributions, we used the natural log of blood, soil, and dust lead for tests requiring normal distributions. We performed multiple imputation using the expectation-maximization method to account for missing values for 19 dust samples and 18 soil samples (5.0% and 4.7% of observations, respectively), assumed to be missing at random. We used Pearson tests to assess correlations between continuous variables. We used linear regression to identify factors associated with increasing BLL, using a forward selection process with an entry criteria of p<0.10. Soil and dust data were excluded from the final model as these were assumed to be an intermediate media for lead from ore to children's blood, as suggested by previous studies. 2 
Results
We collected data from 392 compounds. Blood samples were insufficient for nine children, leaving a final sample of 383 children with a mean age of 35.2 months (standard deviation 16.2), with 52% boys and 48% girls. Less than 6% of the 383 compounds reported being engaged in lead-related occupations, except for auto repair, which was reported by 12.8% of compounds. Of the 383 children, 28.9% (111) had breastfed in the previous 12 months, 94.5% (362) lived in homes cleaned daily, and 87.0% (333) had worn lead-sulphate-based eyeliner in the previous 30 days (79% of boys and 96% of girls).
The estimated prevalence of having a compound member who had processed ore in the previous 12 months was 17.2% (95% CI: 9.7, 24.7; n=55). The estimated prevalence of each processing activity was as follows: 12.8% for breaking (95% CI: 7.1, 18.6; n=43), 7.6% for grinding (95% CI: 2.9, 12.4; n=31), 16.3% for washing (95% CI: 9.3, 23.2; n=50), 13.1% for drying (95% CI: 6.7, 19.5; n=45), 7.3% for separating (95% CI: 2.3, 12.4; n=30), and 4.9% for vaporizing mercury (95% CI: 0.5, 9.2; n=18).
Elevated BLLs were widespread in all compounds, although were more prevalent in children whose compound members processed ore, as shown in Table 1 .
The geometric mean (GM) BLL was 9.5 µg/dL (95% CI: 7.9, 11.4) in compounds with members who processed ore (range: 2.6-61.3 µg/dL) and 6.5 µg/dL (95% CI: 6.1, 6.8) in compounds with no members who processed ore (range: 1.6-44.7 µg/dL). The GM lead concentration in dust samples was 40.5 mg/kg (95% CI: 32.4, 50.5) in compounds with members who processed ore (range: 14.0-710.0 mg/kg) and 30.7 mg/kg (95% CI: 27.6, 34.1) in compounds with no members who processed ore (range: 6.8-20,000 mg/kg). The GM lead concentration in soil samples was 39. There were statistically significant positive Pearson correlations between natural-log transformed lead concentrations in soil and blood (r=0.3), dust and blood (r=0.3), and soil and dust (r=0.6), as well as between the number of ore processing activities performed by the child's compound members and BLL (r=0.3). Children in compounds with members performing all six processing activities had GM BLLs of 14.1 (95% CI: 9.0, 21.9), higher than children in compounds performing fewer activities. The GM BLL was highest among children whose compound members participated in vaporizing mercury to remove it from the ore (Figure 1 ). Differences in GM BLL were statistically significant (p<0.05) for children living in villages where any village resident participated in any ore processing activity, washing, drying, or vaporizing mercury compared to children in villages where it was reported that no one processed ore, regardless of whether children's family compound members processed ore (Table 2) 
Discussion
We found elevated BLL rates lower than those reported in previous studies of highly contaminated villages conducted before widespread education on the dangerous but thencommon practice of processing ore within compounds. 1,5 Nevertheless, we found that children with family members involved in ore processing were more likely to have elevated BLLs, and that BLLs tended to increase with the number of processing activities.
Our estimates for the GM BLL in children in non-ore-processing compounds (6.5 µg/dL) approximate those reported for children in urban environments in Nigeria. 20, 21 Elevated BLLs in non-processing compounds might result from exposure to mine tailings generated by other village residents, as suggested by data in Table 2 , or from using contaminated soil or water to make house bricks, processing prior to the 12 months in question, exposure to lead-sulphate-based eyeliner, or drinking water from leaded pipes.
Activities most strongly associated with higher BLL were grinding, separating, drying, and vaporizing mercury. Vaporizing was the least prevalent, but most strongly associated, possibly due to highly respirable aerosolized particulates produced from heating lead. Our finding that having compound members engaged in more activities was associated with higher BLLs may be explained by generation of more lead tailings, leading to environmental contamination, and to take-home lead on workers' clothing and skin. The USEPA's recommended 400 µg/g limit for play area soil was exceeded by four sampled compounds, and indoor sleep area dust samples exceeded this level in 10 sampled compounds. By comparison, 85% of compounds sampled in 2010 had soil concentrations >400 µg/g. 1 While GM lead concentrations in soil and dust were higher in compounds where ore processing workers lived in our study, the highest concentrations were found in compounds that reported no processing in the previous 12 months. These compounds may have processed ore prior to the previous 12 months, or used soil or water contaminated from nearby processing to make bricks for their homes.
Our findings that elevated BLLs were associated with being male, younger age, leadsulphate-based eyeliner exposure, and breastfeeding are consistent with the current literature. [22] [23] [24] Our observed association between piped tap water and elevated BLL could be due to lead pipes or solder. Data on lead in pipes were not collected.
This study benefited from a large sample of compounds with and without members engaged in ore processing, survey data, and blood, soil, and dust samples. These data are likely free from effects of seasonal variation in lead exposures, as all field work was performed during the beginning of the rainy season, when tailings are less likely to be spread by dry, windy conditions. 25 Drinking water is a possible lead ingestion route, although we did not observe an association between processing and lead in water. Most families use multiple seasonal water sources, including rainwater, so a single sample would not reflect exposures. Additionally, villagelevel water samples are a more crude exposure measure than compound-level soil, dust, and blood samples.
Study limitations include a lack of data on the actual locations of ore processing, and a lack of ability to distinguish processing-related take-home lead exposures from direct exposures to tailings. Additionally, we did not collect data on children's behaviors that could impact exposure, such as hand-to-mouth behaviors or time spent near ore processing or tailings. Our inclusion of child's age and sex in regression models may have controlled for some potential effect of behaviors on lead exposure. Another limitation is the lack of detailed dietary data on factors that could reduce lead uptake, such as iron supplements, or that could increase exposures, such as eating animals hunted with lead ammunition. 26 There are a number of opportunities for further study. Little is known about the synergistic effects of multiple metal exposures, and exploring this relationship in Zamfara could be informative. We did not find alarmingly high mercury levels in children, although they were elevated by US standards. Blood manganese and cadmium levels were also elevated for some children (data not shown). It would also be informative to perform follow-up cognitive studies of the children in the Zamfara area, because little is known about the impact of such high blood lead levels in children who survived the earlier disaster.
Conclusion
The results of this study demonstrate that elevated BLLs are widespread in Zamfara, and are higher among children living in compounds with members who processed lead-containing gold ore. The proportion of children with BLLs ≥45 µg/dL appears lower at the statewide level than previously reported for highly contaminated villages. Although elevated BLLs <45 µg/dL are not associated with mortality, they can have life-long health impacts. These children, and those who continue to be exposed, can suffer intelligence loss, learning and behavioral disorders, anemia, reduced stature, hearing loss, peripheral neuropathy, hypertension, and reproductive and renal effects. The societal and economic effects of aggregate intelligence loss in areas with widespread lead exposures can be substantial. Continued remediation, education, BLL surveillance, emission controls, and occupational hygiene measures are needed to prevent childhood lead exposures. The lead poisoning deaths in May 2015 of 28 children related to ore processing in Zamfara's neighbor state of Niger demonstrate that these measures are needed throughout the region. 28 
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